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ABSTRACT 
An extens ive  survey of the  Docktor - Ingen ieur  D isser ta t ionen  of Jakob  J6 r i ssen  and  Klaus-R. Menschig,  both  origi- 
nal ly f rom the Universitf i t  Dor tmund,  is presented in regard to the empir ical  mode l ing  of membrane chlor-alkal i  cells and 
how it can be appl ied  to a combined  zero gap/at tached porous  e lect rode layer  membrane cell. Par t i cu la r  emphas is  is 
p laced on Mensehig 's  work  on zero gap (ZG) and at tached porous electrode layer (APEL) membrane chlor-alkal i  cells, the 
first such research to appear  in the open l i terature. Mensch ig  deve loped var ious computer  p rograms to character ize these 
ZG and APEL  membrane chlor-alkal i  cells. He character ized these cells by us ing the fol lowing parameters :  the current  
dens i ty  d is t r ibut ion over the membrane,  the species concentrat ions  on the membrane surfaces, equ iva lent  di f fusion layer 
th icknesses  for the mesh  e lectrodes/current  col lectors and at tached porous electrode layers, and  the electrode overpoten-  
tials and  equ i l ib r ium potent ia ls  us ing the ~urface concentrat ions  for the ZG and APEL  cell conf igurat ions.  He used empir-  
ical equat ions  first presented by J6r i ssen for gap membrane cells combined  wi th  his own exper imenta l  observat ions  for a 
cell wh ich  used Nat ion TM 390, a bi layer perf luorosul fonic  acid membrane,  to determine  values for these  parameters.  His 
empir ica l  relat ions descr ibe the dependence  of the flux of OH from catholyte to anolyte as a funct ion of catholyte caustic 
concent rat ion  (Cc:NaO.) and the membrane potent ia l  drop as a funct ion of catholyte caust ic  (ec:N~,,,,) and anolyte salt concen-  
t rat ions (Ca:N~,'~)- By us ing the exper imenta l  values for total cell potential ,  cur rent  density,  and cell out let  concentrat ions  
w i th  the empi r i ca l  equat ions ,  Mensch ig  ca lcu lated va lues  for the character i z ing  parameters  ment ioned above.  He used 
these values and other  in format ion (e.g., membrane  and porous electrode layer conduct iv i ty)  to predict  the total  cell poten- 
tial for the  ZG conf igurat ion.  With pr ior knowledge of total cell potent ia l  and cur rent  eff iciency for cor respond ing  APEL  
and ZG cell conf igurat ions,  membrane surface concentrat ions  were der ived and used in the predict ion of total cell poten-  
tial for a combined  zero gap/attached electrode cell. 
Background 
E lect ro lys i s  cel ls  wh ich  conta in  ion se lec t ive  mem-  
branes  are const ructed  in th ree  pr imary  conf igurat ions :  
the  gap cell, zero gap cell, and  so-ca l led sol id  po lymer  
e lec t ro ly te  (SPE)  cell. F igure  1 shows  a gap cel l  vers ion  
ofa  chlor -a lka l i  membrane  cell [as in Ref. (1)], wh ich  has  
a space  (i.e., a gap)  f i l led w i th  e lec t ro ly te  between the  
membrane sur face and  each e lectrode.  F igure  2 shows a 
schemat ic  of  jus t  the  e lec t rode-membrane const ruct ion  
of  a zero  gap (ZG) cell, where  both  e lec t rode  sur faces  
have  been p laced  d i rec t ly  aga ins t  the  membrane.  The  
e lec t rodes  of a zero gap cell are made of expanded meta l  
or wi re  mesh  (wh ich  may have  a catalyt ic  layer app l ied  to 
its sur face)  backed  by  an  expanded meta l  cur rent  col- 
l ec tor  that  enab les  the  gas bubb les  to escape  f rom the  
e lec t rode  surface.  F igure  3 i l lust rates  what  is re ferred to 
by  some authors  in the l i terature  as a SPE  e lect rode con- 
s t ruc t ion  wh ich  is ac tua l ly  two porous  cata lyzed  elec- 
t rode  layers  wh ich  have  been at tached to the  sur face  of 
the  membrane i tse l f  ( th is  wi l l  be ca l led an  a t tached po- 
rous  e lec t rode  layer, or APEL ,  cell). P ressed  aga inst  each 
porous  e lect rode layer is a fine grid mesh  backed by a re- 
s i l ient  mat  of  fine wire wh ich  is p ressed  in by a perfora-  
ted plate cur rent  col lector.  This  prov ides  a path  for even  
cur rent  d i s t r ibut ion  across  the  sur face  of the  ent i re  po- 
rous  e lec t rode .  Both  the  ZG and APEL  type  cel ls ho ld  
the  immediate  advantage  of reduc ing  the potent ia l  drop 
across  the cell over  that  found in a gap cetl s ince the dis- 
tance  between oppos ing  e lec t rodes  is reduced signif i -  
cant ly .  
Var ious  methods  and  mode ls  have  been deve loped to 
eva luate  ion exchange membrane behav ior  and  to re late 
th is  behav ior  to the  des ign  of membrane ch lor -a lka l i  
cells. One approach  has  been to use  empi r i ca l  re la t ions  
der ived  f rom exper imenta l  data  to descr ibe  var ious  char-  
acter is t ics  of a membrane cell (2, 3), such  as the correla-  
t ion of caust ic  cur rent  ef f ic iency ( that  percentage  of the  
app l ied  cell cur rent  that  goes to the actual  p roduct ion  of 
sod ium hydrox ide  at the  cathode)  or the  loss of OH 
( f rom the  catho ly te  through the  membrane to the  ano- 
lyte)  to the  concent ra t ion  of  sod ium hydrox ide  in the  
*E lec t rochemica l  Soc ie ty  Act ive  Member .  
catho ly te  at the  membrane surface (CcM:N~O.). These  rela- 
ti.ons are then  used in con junct ion  wi th  add i t iona l  exper-  
imenta l  data to pred ic t  such th ings  as the out let  concen-  
t ra t ions  of  a cascade  ar rangement  of e lec t ro ly t i c  gap 
cells (2) or the  concent ra t ions  on the membrane sur face 
(3). 
Th is  paper  presents  the  essence  of the  empi r i ca l  ap- 
p roach  to membrane cel l  mode l ing  as done  by Jb r i ssen  
(2) and  Mensch ig  (3) and how these  methods  can be used  
to eva luate  the  ch lor -a lka l i  cel ls  cur rent ly  be ing  devel -  
oped.  Jb r i ssen 's  p r imary  ob ject ive  was to deve lop  a com- 
puter  mode l  wh ich  could be used as a basis  for economic  
eva luat ion  and  process  opt imizat ion  of a ch lor -a tka l i  
e lectro lyzer  w i th  cascade connect ion  of membrane cells. 
Mensch ig ' s  goals were to determine  exper imenta l ly  any 
d i f ferences  between APEL  and  ZG cells w i th  respect  o 
the  cel l  vo l tage  and  cur rent  ef f ic iency,  to character i ze  
empi r i ca l ly  these  cells, and  to deve lop  cr i ter ia for the  se- 
lect ion  of a pract ica l  e lectro lyzer  for chlor-a lkal i  p roduc-  
t ion.  Mensch ig  pred ic ted  f rom his resu l t s  that  a com- 
b ined  porous  anode layer  (PAL)  and  zero gap cathode  
(ZGC) cel l  ( together  e fer red  to as a PAL /ZGC cell) had  
the  potent ia l  of sav ing  the  most  energy  (3). I t  is impor -  
tant  to note  that  th i s  p roposed  conf igurat ion  was based  
on ear l ier ,  less ef f ic ient  membranes  wh ich  a l lowed ex- 
cess ive  loss of  OH f rom the  catho ly te  to the  anolyte .  
depleted NaCJ soln. '~, ~ Nd~ ~ [ NaOH soln. 
anode ~ : . - ~ / ~  ca t h ode  
NaO,  n[ I 
membrane  
Anode: 2CI- ~ CI2 + 2e 
Cathode: 2H20 + 2e- ~ 2OH-  + H2 
Fig. 1. Membrane chlor-alkali gap cell 
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Fig. 2. Schematic of the electrode-membrane construction of a zero 
gap membrane cell (not to scale). 
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Fig, 3. Schematic of the electrode-membrane construction of an 
APEL (i.e., attached porous electrode layer) cell (not to scale). 
From his exper imenta l ly  der ived species concent ra t ions  
on the  membrane sur face  of the  ZG and APEL  cells, 
Mensch ig  pred ic ted  a cur rent  e f f ic iency of on ly  74.2% 
based  on  caust i c  p roduct ion  for h is  hypothet ica l  PAL /  
ZGC cell. Newer  b i layer  membranes  made w i th  
per f luoroearboxy l i c  acid funct iona l  g roups  in the  layer  
toward  the  cathode  and  per f luorosu l fon ic  acid func-  
t iona l  g roups  toward  the anode have  great ly  reduced the 
prob lem of  the  loss of OH-,  y ie ld ing  caust i c  cur rent  
e f f ic ienc ies  up  to 94% in gap cel ls (4, 5). These  newer  
membranes  cou ld  make it poss ib le  to use a t tached po- 
rous  cathode  and/or  anode layers. This  led to an in terest  
in the combinat ion  of zero gap and  a t tached porous  elec- 
t rode  layers,  e i ther  as anode/cathode  or cathode/anode 
combinat ions ,  respect ive ly .  These  wi l l  be  re fer red  to as 
the zero gap anode/at tached porous  cathode  layer (ZGA/ 
PCL)  or a t tached porous  anode layer /zero gap cathode  
(PAL /ZGC)  conf igurat ions .  S ince  Mensch ig  uses  many 
of  the  re la t ions  for gap membrane cel l  behav ior  (as de- 
r ived by JOrissen) for his eva luat ion  of the  ZG and APEL  
conf igurat ions ,  J6 r i ssen 's  work  is rev iewed first, fol- 
l owed by  an  extens ive  deve lopment  and  ana lys i s  of 
Mensch ig ' s  work  wh ich  inc ludes  examples  of h is  calcu-  
la t ions .  Next ,  the d i rec t  app l i ca t ion  to present  mem-  
brane  cells is p resented  and  conc lus ions  drawn.  
J6rissen's Work  
As ment ioned prev ious ly ,  J6 r i ssen  was in teres ted  pri- 
mar i l y  in deve lop ing  empi r i ca l  re la t ions  to descr ibe  a 
gap membrane ch lor -a lka l i  e lec t ro lys i s  cel l  in o rder  to 
const ruct  a mater ia l  ba lance  program which  descr ibes  
the  per fo rmance  of a cascade of gap cel ls in var ious  con- 
nect ions ,  such  as concur rent  or countercur rent  f lows of 
ano ly te  and  catho lyte  (2). He der ived specif ical ly empi r -  
ical  re la t ions  f rom exper imenta l  data  to descr ibe  the  
ch lo r ine  and  caust ic  cur rent  eff ic iencies,  by -product  for- 
mat ion  ( the accumulat ion  of wh ich  is a prob lem of  the  
(7) (8) ~ (9) ~ (7) 
ANODE NEMBRANE CATHODE 
Fig. 4. Construction of J6rissen's experimental cell [from Ref. (2)] 
(t) CI2 + 02 
(2) H2 
(3) depleted brine 
(4) caustic soda 
(5) luggin capillary 
(6) inner diameter 52 mm 
(7) heating fluid 
(8) anolyte makeup 
(9) catholyte makeup 
cascade  ar rangement  of cells), water  t ranspor t  th rough 
the membrane,  and the cell potent ia l .  
Development.-- In J 6 r i ssen 's  exper imenta l  work ,  he  
used  a Nat ion  TM 355 ~ membrane,  wh ich  is a b i layer  
per f luorosu l fon ic  ac id membrane w i th  the  fo l low ing  
const ruct ion :  1,5 rail  (= 0.04 ram) 1500 equ iva lent  we ight  
layer  (cathode  side), 4.0 rail (= 0.1 ram) 1100 equ iva lent  
we ight  layer,  and  T-25: Tef lon TM scr im wi th  70% free 
membrane surface. 
All of his exper iments  were carr ied  out  at s teady-state  
cond i t ions ,  a l lowing a min imum of 4h to reach that  con- 
d i t ion  and  then  data were  co l lec ted  over  another  4h pe- 
r iod. F igure  4 shows a d iagram of his exper imenta l  appa-  
ratus .  The  inner  d iameter  of the  cel l  was 52 ram, the  
length  of each  half-cel l  was 40 mm (i.e., an e lect rode  to 
e lect rode gap of 80 ram), the  membrane sur face area was 
21.2 cm 2, and  the cell  vo lume inc lud ing  the overf low con- 
nect ions  were 90 ml  for each chamber  (2). The anode was 
a t i tan ium plate coated w i th  mixed  ru then ium oxide and  
the  cathode  was a plate of V4A steel. Each  half-cel l  was 
mixed  us ing  a magnet ic  st irrer.  The cell was operated  at 
3000 A/m ~ and 80~ Anode,  cathode,  and  membrane po- 
tent ia l s  were  measured  us ing  movab le  Lugg in  capi l la-  
r ies. The  de l iberate ly  large in tere lec t rode  d is tance  al- 
l owed the  separat ion  of the  cel l  potenha l  into  its 
ind iv idua l  components  (2). 
In  h is  ana lys is ,  Jb r i ssen  used  a factor ia l  exper iment  
des ign  to obta in  the  in fo rmat ion  needed to fo rmulate  
emPi r ica l  mode ls  to descr ibe  cell behav ior  based  on the 
assumpt ion  that  each  hal f -ce l l  was wel l  mixed .  Th is  as- 
sumpt ion  means  that  there  is no ef fect ive boundary  layer  
on the membrane surface and  there fore  the empi r i ca l  re- 
la t ions  descr ib ing  the  membrane can  be  based  on the  
bu lk  concent ra t ions  of the chemica l  species.  He used re- 
g ress ion  ana lys i s  to determine  wh ich  ef fects  were  sig- 
n i f icant ,  wh i le  ignor ing  in teract ions  among more  than  
two parameters .  Stat is t ica l  methods  were used  to deter-  
mine  the~3est  mode ls ,  re ta in ing  on ly  the  ef fects  of the  
h ighest  s igni f icance.  Several  of the  mode l  equat ions  pro- 
duced  d id not  have  a theoret i ca l  bas is  for the  re lat ion-  
sh ip  obta ined  by  the  s tat i s t i ca l  eva luat ion  (2) (i.e., a 
s tandard  form, such  as a l inear  or quadrat i c  model ,  was 
used  ra ther  than  a complex  re la t ionsh ip  der ived  f rom 
theory).  
The  der ived  express ion  for the  t ranspor t  of OH-  f rom 
the  catho ly te  through the membrane to the ano lyte  (typi- 
cal ly cal led back-migrat ing  OH-)  is [p. 55 of Ref. (2)] 
Nh:o~- = 5.42 + 4 .44CC:NaOH - -  0.125c2c:Nao. 
(0 < cc:~o. < 181 [1] 
where  Nh:oH- = OH-  f lux through the membrane 
(mol /h-m 2) and  cr:N,.. = bu lk  NaOH concent ra t ion  in the 
catho ly te  (col / l ) .  2 Note Eq. [1] appl ies  only to Nat ion 355 
at 3000 Alto z and 80~ Anolyte by-product models in- 
clude such things as the formation of active chlorine (as 
hypochlorite) given as [p. 65, 66 of Ref. (2)] 
cA:~,,.t r12 = 0.00705 + 0.00407CA. , ,~  . §  - -  0.000449CA:T 
(for cA:~.• ,+ >-- 0) [2] 
~Nafion and Teflon are trademarks orE. I. du Pont de Nemours 
and Company, Incorporated. 
~J6rissen's, and later Menschig's, symbols have been changed 
to a single consistent set for clarity. 
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Ca:act C~ = --Ca:~x ~+ + (0.00705 -- 0.000449CA:T) 
exp  (30.3ca:~ +) (for Ca:~ ,+ < 0) [33 
where  CA:at C12 = act ive ch lor ine  concent ra t ion  in ano lyte  
(mol/1), CA:~x H+ = H + ion excess  in ano ly te  (tool/l) (OH- ion 
excess  is expressed  as a negat ive  va lue  of  c,:~.~ ,+), and  
CA:T = tota l  concent ra t ion  of d isso lved mater ia l  in ano lyte  
(tool/1 NaC1 + NaC103 + HC1 + HOC1 + C12(aq)) (calcu- 
lated f rom the sum of ana lyzed va lues  for NaC1 + NaC103 
+ HC1 + NaOH + C12(aq)). Add i t iona l  empi r i ca l  re lat ions  
are g iven  for  oxygen and  ch lo ra te  (C103)  fo rmat ion  un- 
der  acidic or a lka l ine  cond i t ions  of the  anolyte.  
Jb r i ssen  also gives re lat ions  that  tit the  water  t ranspor t  
th rough and  the  potent ia l  d rop  across  the  membrane.  
His  s ta t i s t i ca l  ana lys i s  showed that  the  water  t ranspor t  
was  a f fec ted  s ign i f i cant ly  by  on ly  the  Na + ion t ranspor t  
across  the  membrane and  the d isso lved species concen-  
t ra t ion  in the anolyte,  g iv ing the equat ions  [p. 91 of Ref. 
(2)] 
Nnet  n2o = N,vn2o - N~:o,- [4] 
N,~ln2o ~ h - NMN~+ [5] 
h = 9.47 - 0.826ca:e~ .+ - 0.0222N~,.~+ [6] 
where  Nne t H20 = net  water  t ranspor t  (mol  H20/h-m ~) (net 
quant i ty  of water  mov ing  f rom anode to cathode  cham-  
ber),  N.~fH2o = water  t ranspor t  th rough the  membrane 
(mol  H20/h -m 2) (net  water  t ranspor t  + water  for back-  
migrat ing  OH-  ions),  h = average  hydrat ion  number  for 
Na + ions dur ing  migrat ion  f rom anode to cathode  cham-  
ber  (mol  H~O/mol Na§ and  N~m~+ = Na § ion t ranspor t  
th rough the  membrane (tool Na+/h-m2). Jb r i ssen  hypoth -  
esizes that  the behav ior  wh ich  produces  Eq. [4]-[6] indi-  
cates that  membrane proper t ies  do not  in f luence the net  
water  t ranspor t  when the max imum water  t ranspor t  has 
not  been  atta ined.  That  is, when the  concent ra t ion  of  Na* 
ion in the ano ly te  is h igh,  complete  hydrat ion  shel ls  can- 
not  be formed,  reduc ing  the average hydrat ion  number ,  
and  there fore  the  water  t ranspor t  across  the  membrane 
is be low its max imum (2). His equat ion  for the  mem-  
brane  potent ia l  drop is [p. 115 of Ref. (2)] 
AUM~,C, = 0.0668 + 0.02555 9 C(.:NaO H " CA: T [7] 
where  AUMocD = potent ia l  drop in and  on the  membrane 
under  un i fo rm cur rent  dens i ty  (V). He also deve loped ex- 
p ress ions  for the  e lec t rode  overpotent ia l ,  equ i l ib r ium 
potent ia l ,  and  IR drop  in each e lectro lyte  layer. 
Present application.--The remainder  of J6 r i ssen 's  
work  dea ls  w i th  h is  mode l  of sys tems of cascade  cel ls 
w i th  var ious  f low conf igurat ions  us ing  the  prev ious ly  
ment ioned empi r i ca l  re lat ions.  He hypothes izes  that ,  in 
the i r  qua l i ta t ive  form, his empi r ica l  re lat ions  are not  de- 
pendent  on  the type of membrane  or cell construct ion 
(2). If this were  true, then the fo rms of his equat ions  
cou ld  be appl ied to available data for zero gap  (ZG), at- 
tached  porous  electrode layer (APEL ,  i.e., both  elec- 
trodes are porous  layers wh ich  are physically attached to 
the membrane) ,  and  combinat ion  (ZGA/PCL  or PAL /  
ZGC)  cells us ing standard statistical methods  of regres- 
sion. The  greatest p rob lem wi th  this approach  is that 
J6rissen used  bu lk  concentrat ions instead of concentra- 
tions at the  membrane sur faces ,  wh ich  wou ld  be ex- 
pected  to be  s ign i f i cant ly  d i f fe rent  f rom the i r  bu lk  
va lues .  The  use  of  th is  approach  is d i scussed  fu r ther  in 
con junct ion  w i th  Mensch ig ' s  work  (3). 
Menschig's Work 
Mensch ig  is apparent ly  the  f irst researcher  to repor t  
work  on ZG and APEL  cel ls  in the  open l i te ra ture  (3). 
Mensch ig ' s  ob ject ive  was to determine  i f  there  ex is ts  any  
s ign i f i cant  d i f fe rences  in cel l  behav ior  between the  two 
conf igurat ions  by  per fo rming  exper iments  on a labora-  
tory  scale cell  and  ana lyz ing  the resu l ts  us ing  empi r i ca l  
mode ls ,  both  h is  and  those  of J6 r i ssen .  To meet  his  ob- 
ject ive,  Mensch ig  character i zed  the cells in te rms of cur- 
Residual Gas m ~ ~ ~ Mydrogen
~-~-- c>-s-- ~- -  c~z-- 5z - -  
Fig. 5. Construction of Menschig's experimental apparatus [from Ref. 
(3)]. 
rent  dens i ty  d is t r ibut ions ,  cell  potent ia l ,  caust ic  cur rent  
ef f ic iency,  spec ies  concent ra t ions  at the  sur faces  of the  
membrane,  overpotent ia l s  for the  ZG cell, and  e lec t rode  
equ i l ib r ium potent ia l s  based  on the  spec ies  concent ra -  
t ions  at the  membrane sur faces .  U l t imate ly ,  Mensch ig  
wanted  to deve lop  se lect ion cr i ter ia for a pract ical ,  opti- 
mized  chlor -a lka l i  e lectrolyzer.  
Deve lopment  
F igure  5 shows the const ruct ion  of Mensch ig ' s  exper i -  
menta l  apparatus .  The  membrane used  was Nat ion  390, 
wh ich  is s imi lar  to the  membrane used  by J6 r i ssen ,  hav- 
ing the  same layers,  but  a d i f fe rent  const ruct ion  of the  
scr im (total th ickness was  0.33 ram, determined  by  mi- 
crometer).  Two different mesh  sizes were  used  for the 
ZG and  APEL  cells. For  the APEL  cells, the correspond-  
ing ZG cell meshes  were  used  as intermediate  current 
distributors by  be ing pressed against the porous  elec- 
trode layers a t tached to the  membrane.  All meshes  were  
made of a p la t inum-10% i r id ium alloy. Mesh  I had  a wire 
d iameter  of 0.12 mm and 225 open ings /cm 2 (open w idth  
between wires: 0.55 ram), whi le  Mesh  II had  a wire d iam- 
e ter  of 0.25 mm and 100 open ings /cm 2 (open w idth  be- 
tween wires:  0.75 ram). The  two mesh types  used  are 
shown in Fig. 6. Both  cell  conf igurat ions  used  mach ined  
meta l  back ing  p la tes  (3 mm th ick ,  70% open)  as cur rent  
co l lec tors  wh ich  were  connected  to the  te rmina l  leads.  
The  porous  e lec t rode  layers  for the  APEL  cel ls  were  
Netz I 
Netz II 
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Ptatin ~'i-- I Plotin 
Fig. 6. Types and construction of meshes used in Menschig's work 
(from Ref. (3), where Netz = mesh and Platin = platinum). 
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fo rmed by e lec t rop la t ing  p la t inum onto  the  membrane 
sur face (6) and  were assumed to have an ef fect ive surface 
area of 100 cm2/cm 2of membrane surface (3, 6). (Note the 
actua l  sur face area of the porous  e lect rode layer was not  
measured . )  
The cells were operated  at s teady state wi th  the follow- 
ing exper imenta l  cond i t ions  be ing  mainta ined:  cell tem-  
perature ,  80~ superf ic ia l  cur rent  dens i ty .  6500 A/m~; an- 
olyte NaCI concent ra t ion ,  17.5 we ight  percent  (w/o) (3.28 
tool/l); OH-  excess  :~ in anode chamber ,  0.375 (w/o); 
ca tho ly te  NaOH concent ra t ion ,  20.0 w/o (5.92 tool/l); an- 
ode pressure  aga ins t  the  membrane,  0.69 bar.  The  in le t  
b r ine  feed was a saturated  salt  so lu t ion  w i th  concent ra -  
t ions  of Ca 2+ and Mg 2+ reduced be low 0.5 ppm.  In  o rder  
to ma inta in  the  OH-  concent ra t ion  in the  ano ly te  at a 
constant  va lue,  20 w/o HC1 was added by  a separate  
s t ream at the  rate  of  40.57 and  24.41 tool/h-re'-' for the  
APEL  and  ZG conf igurat ions ,  respect ive ly .  Measure -  
ments  were  taken  cont inuous ly  over  a 3h per iod  af ter  
s teady  state had  been reached.  
Three  computer  p rograms were used  to analyze the ex- 
per imenta l  data  in o rder  to obta in  va lues  for the  
character i z ing  parameters  ment ioned above.  The  f irst 
p rogram (6MODZ and its subprograms)  is used  to calcu- 
late the cur rent  dens i ty  d i s t r ibut ion  over  the membrane 
at tached to a porous  cata lyt ic  e lec t rode  layer.  The  sec- 
ond  program (ME-NETZP)  can be used  to ca lcu late  a cor- 
rec t ion  factor  (what  is ca l led fMzj in th is  paper )  for 
determin ing  the potent ia l  drop across the membrane of a 
ZG cel l  us ing  mesh  type  j as compared  to the  va lue  ob- 
ta ined  for the  case of un i fo rm cur rent  dens i ty  d ist r ibu-  
t ion  across  the  membrane.  The  th i rd  program (ME- 
MODV) can be used  to ca lcu late  the species concen-  
t ra t ions  on the membrane sur faces and  the overpoten-  
rials and  equ i l ib r ium e lect rode potent ia ls  based  on these  
concent ra t ions  us ing  an i terat ive method and  the exper i -  
menta l  measurements  of total  cell potent ia l ,  caust ic  cur- 
rent  eff iciency, and  out let  s t ream concent ra t ions .  
Mensch ig  also determined  equ iva lent  boundary  layer  
th icknesses  to represent  he porous  e lect rode layers and  
the mesh  e lectrodes,  p roduc ing  two boundary  layers for 
the  ZG cell  (one on  each s ide of the  membrane)  and  four 
for the  APEL  cel l  (see Fig. 7). He assumed that  the  
boundary  layer  represent ing  the  mesh  aga ins t  the  po- 
rous  layer of the  APEL  cell  wou ld  be the same th ickness  
as that  for the  same mesh type in the ZG cel l  conf igura-  
t ion. The detai ls  of how he der ived these  boundary  layer 
th icknesses  are g iven  under  the  descr ip t ion  of p rogram 
ME-MODV below. 
Mensch ig ' s  Programs 4 
Current density~potential distribution for an APEL 
cel l . lTo determine  the  degree of the  nonun i fo rm poten-  
tial and  cur rent  d i s t r ibut ions  over  the membrane sur face 
in ZG and APEL  cell  conf igurat ions ,  Mensch ig  first for- 
mu la ted  a mathemat ica l  mode l  to ca lcu late  the potent ia l  
and  cur rent  d i s t r ibut ions  over  a membrane us ing  an 
equ iva lent  res i s tance  network  to s imulate  the  res ist -  
ances  of the  mesh  wires,  porous  e lec t rode  layer,  and  
membrane (see Fig. 8). He found many di f f icult ies in try- 
ing  to so lve the  three-d imens iona l  p rob lem for the  ZG 
conf igurat ion  and  u l t imate ly  used  a d i f fe rent  two- 
d imens iona l  approach  (3, 6). Therefore,  p rogram 6MODZ 
appl ies  only to the APEL  conf igurat ion.  The or ig inal  pro- 
g ram was wr i t ten  us ing  a fo rm of BAS IC  used  by  the  
Hewlet t  Packard  2000 computer .  The program has  now 
been rewr i t ten  in FORTRAN 77 for g reater  por tab i l i ty .  
The  input  data  cons is ts  of membrane conduct iv i ty  data  
at the  out let  s t ream condi t ions ,  conduct iv i ty  data  for the  
cata lyzed  porous  e lec t rode  layers,  wi re  conduct iv i ty  
data,  wire d iameter ,  open  w idth  between wires in mesh,  
and  app l ied  mean cur rent  dens i ty  (i.e., cur rent  dens i ty  
based  on the  super f ic ia l  membrane  sur face  area). 
Mensch ig  used  a specif ic res i s tance  for p la t inum at 80~ 
of 1.18 9 10 ' f~-m and an assumed va lue  of 20 fl/cm'-' for 
his  porous  p la t inum layer (3). 
9 ~Nomenclature used by Menschig (3). 
4The computer codes do not appear in Ref. (3), but are available 
from the authors of this paper. 
Anode  lhode 
 ocl 
Cata I yst 
Fig. 7. Model of the diffusion layers on an APEL cell membrane [from 
Ref, (3)]. 
The program produces  the  potent ia l  and  cur rent  on the 
membrane sur face at each node  po in t  in a xy mathemat -  
ical gr id p lane  (paral lel  to the membrane)  wh ich  is super-  
imposed on one mesh square  (i.e., that  square  produced 
by  four wires) (see Fig. 9). This  is accompl i shed  by us ing  
Ohm's  law and  K i rchhof f ' s  law, w i th  an i te ra t ive  proce-  
dure ,  wh i le  sa t i s fy ing  the  de f ined  mean cur rent  dens i ty  
and  the  assumpt ion  of un i fo rm potent ia l  d i s t r ibut ion  
across  the  wi re  mesh  and  back  s ide of  the  porous  elec- 
t rode  layer. The mathemat ica l  gr id in the  BAS IC  vers ion  
is l imi ted  to five sect ions  (s~x nodes)  a long one side of the  
mesh  square  for a tota l  of 36 nodes.  The FORTRAN ver- 
s ion can use up to n ine  sect ions  (100 nodes),  g iv ing faster  
convergence  and  increased accuracy.  An  example  of the  
input  and  resu l ts  f rom the  FORTRAN vers ion  of the pro- 
g ram is g iven  in Tab le  I. 
Mensch ig  conc luded f rom his ca lcu la t ions  that  for 
open  wire mesh  w idths  (i.e., open d is tance  between two 
paral le l  wires in the  mesh)  of 3 mm or less, the  potent ia l  
and  cur rent  dens i ty  d i s t r ibut ion  across  the  APEL  cel l  
membrane  is essent ia l l y  un i fo rm.  S ince  al l  h is  exper i -  
i~embran J I 
• 
I 
i I 
Fig. 8. Equivalent circuit diagram of an APEL cell [from Ref. (3)] 
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zXUMzj - [8] 
2~rK 
where  hUMz, potent ia l  d rop  across  a ZG membrane  for  
a mesh  o f  conf igurat ion  j (V), im = mean cur rent  dens i ty  
(A/m2), L~ = mesh  w idth  (center  to  center  d i s tance  be-  
tween two  para l le l  w i res )  (m), in  (K0) = geometr i c  fac tor  
ca lcu la ted  by  program ME-NETZP,  and  K = spec i f i c  
membrane  conduct iv i ty  (1 / tLm) .  When Mensch~g as-  
sumed a un i fo rm potent ia l  d i s t r ibut ion  across  the  mem-  
brane ,  he  used  Ohm's  law to obta in  h i s  Eq.  [G l .15]  [p. 50 
o f  Ref .  (3)], wh ich  is 
Dim 
aUM,cD [9] 
K 
where  b is the  membrane  th ickness  (m).  The  two  mem-  
brane  potent ia l s  g iven  above  are  used  to de f ine  a cor rec -  
t ion  fac tor  for  re la t ing  the  two  (3) 
AUMucO = fMzjAUMzj [10] 
Rear rang ing  Eq.  [8]-[10] g ives  
Fig. 9. Division of a mesh square of an APEL cell into a network of 
node points [from Ref. (3)]. 
menta l  APEL  ce l l s  used  meshes  f iner  than  th i s ,  he  as-  
sumed that  the  potent ia l  and  cur rent  dens i ty  d i s t r ibu -  
t ions  across  the  membrane  o f  h i s  APEL  ce l l s  were  
un i fo rm,  w i th  cur rent  paths  t rave l ing  s t ra ight  th rough 
the  membrane .  
Potential correction factor for ZG cell.--Since 
Mensch ig  cou ld  not  so lve  the  th ree-d imens iona l  repre -  
sentat ion  o f  the  ZG ce l l  con f igurat ion ,  he  deve loped  a 
two-d imens iona l  mode l  o f  para l le l  w i res  on  oppos i te  
s ides  o f  the  membrane  (i.e., he ignored  the  "c ross"  w i res  
in  the  mesh  on  e i ther  s ide  o f  the  membrane) .  He  then  for- 
mu la ted  an  equat ion  to  descr ibe  the  potent ia l  d rop  be-  
tween two  fac ing  w i res  and  extended th i s  to inc lude  the  
in teract ion  o f  ad jacent  w i res  on  both  s ides  o f  the  mem-  
brane .  Th is  resu l t s  in  an  ana ly t i ca l  so lu t ion  for  the  poten-  
t ia l  d rop  across  the  membrane  for  a ZG conf igurat ion ,  
wh ich  is [p. 73 o f  Ref ,  (3)] 
Table I. Example of the current density/ 
potential distribution for on APEL cell 
Input for Mesh type I: 
0.55 Mesh I: open mesh width [mm] 
0.12 wire diameter [mm] 
5 Divisions along one side of subgrid (max 9) 
6500.0 Nominal current density [A/m s] 
Selected program output: 
Driving voltage 
Node iV] 
Current hrough 
the membrane 
{AI 
l 0.6f104729E + 00 0.4044862E - 04 
2 9.6804729E + 00 0.4044862E - 04 
3 0.6804729E + 00 0.4044862E - 04 
4 0.6804729E + 00 0A044862E - 04 
5 0.6804730E + 00 0.4044863E - 04 
6 0.6804730E + 00 0.4044863E - 04 
13 0.6804724E + 00 0.4044860E - 04 
14 0.6804724E + 00 0.4044859E - 04 
15 0.6804723E + 00 0.4044859E - 04 
16 0.6804722E + 00 0.4044858E - 04 
17 0.6804723E + 00 0.4044859E - 04 
18 0.6804724E + 00 0.4044860E - 04 
19 0.6804721E + 00 0.4044858E 04 
20 0.6804720E + 00 0.4044857E - 04 
21 0.6804718E + 00 0.4044856E - 04 
22 0.6804718E + 00 0.4044856E - 04 
23 0.6804719E + 00 0.4044857E - 04 
24 0.6804720E + 00 0.4044857E 04 
Membrane area of mesh square [rnm~]: 0.4356000E + 00 
Area per node square [mm*]: 0.1210000E - 0] 
Membrane resistance per node square [~1]: 0.1682314E + 05 
Total current hrough membrane [A]: 0.1456148E - 02 
Total current density on membrane [A/M2]: 3343. 
2wb 
fMZj -- [11] 
Lj 9 In (K0) 
wh ich  shows  that  the  factorfMz~ can  be  ca lcu la ted  pr imar -  
i ly f rom phys ica l  d imens ions  and  geometr i c  fac tors .  
In  o rder  to obta in  the  va lue  o f  in (K0) f rom the  program 
ME-NETZP,  the  fo l low ing  in fo rmat ion  is requ i red :  
membrane  thickness, wire  conduct iv i ty ,  w i re  d iameter ,  
mesh  w idth  (Lj), re la t ive  pos i t ion  o f  w i res  on  oppos i te  
s ides  o f  membrane ,  e i ther  center - to -center  Or o f fset ,  and  
number  o f  para l le l  w i res  across  the  ent i re  e lec t rode  face.  
The  program is wr i t ten  in  IBM PC compat ib le  BAS IC  
and  an  example  o f  the  prompted  program input  and  re- 
su l t  is g iven  in  Tab le  II. The  number  o f  w i res  across  the  
e lec t rode  is necessary  to determine  the  e f fec t  o f  in te rac -  
t ion .  Mensch ig  found  that  there  was  l i t t le  change  m the  
va lue  o f ln  (K0) ca lcu la ted  when the  number  o f  w i res  was  
100 or  more  (6). 
Thus ,  the  potent ia l  d rop  across  the  membrane  o f  a ZG 
cel l  can  be  pred ic ted  by  us ing  Eq.  [9] or an  empi r i ca l  cor-  
re la t ion  for  hUMuco and  the  cor rec t ion  fac tor  f~,zj. 
Mensch ig  used  the  la t te r  approach  and  compared  it to 
his experimentally derived value and found close agree- 
ment, thereby indicating that the ZG wire model  pre- 
sented above can be used to produce reasonable results. 
Using Eq. [i0] with the correction factor for his Mesh  I 
and II gives [p. 73 of Ref. (3)] 
AUM,cD = 0.67 9 iUMzl [12] 
and  
AUM.cD = 0.6 " /UMz.  [13] 
wh ich  shows  that  the  ohmic  potent ia l  d rop  o f  an  APEL  
cel l  is l ower  than  for a ZG cel l  us ing  the  same mesh ,  cur -  
rent  dens i ty ,  and  spec i f i c  membrane  conduct iv i ty  (e.g., 
for  Mesh  l, the  membrane  potent ia l  d rop  for  the  APEL  
cel l  is  67% o f  the  equ iva lent  ZG cei l  as shown in  Eq.  [12]). 
A l so ,  the  potenha l  d rop  o f  a ZG membrane  increases  
w i th  inc reas ing  mesh  spac ing  ( reca l l  that  Mesh  II has  a 
la rger  spac ing  than  Mesh  I) (3). 
Table II. Example of the determination of the correction 
factor for the membrane potential of a ZG cell 
The following is a simulated run of the program ME-NETZP using 
the data for Mesh I (with wires center to center on opposite sides of 
the membrane) 
Input  for Mesh type I: 
Wire diameter in [mm]: ? 0.t2 
Gap between wires in [mm]: ? 0.55 
Are nets offset on either side of membrane tY/N)? n 
How many wires across entire electrode (use rnin 100): ? 100 
Result: 
The factor In (KO) is 5.499024. 
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Characterizing parameters for ZG and APEL  cel ls . -  
Program development.--Menschig deve loped the  ME- 
MODV program to ana lyze  his  exper imenta l  data  to de- 
te rmine  spec ies  concent ra t ions  on the  membrane 
sur faces,  membrane potent ia l ,  e f fect ive  boundary  layer  
th icknesses ,  and  e lec t rode  overpotent ia l s  and  open-  
c i rcu i t  potent ia ls  based  on these  surface concent ra t ions .  
He used  the  empi r i ca l  equat ions  deve loped by J6 r i ssen  
to descr ibe  the behav ior  of his membrane,  that  is, Eq. [1] 
for the  OH-  f lux through the  membrane and  Eq. [7] for 
the  membrane potent ia l .  Mensch ig  app l ied  a scal ing fac- 
tor  to these  re la t ions ,  because  J6 r i ssen  used  a cur rent  
dens i ty  of 3000 A /m ~ wh i le  he used  6500 A /m s. Ak in  (7) 
found that  the  caust i c  cur rent  e f f ic iency of Nat ion  390 
was independent  of the cur rent  dens i ty  in the range of 2 
kA /m s to 6.5 kA /m s, so the  f lux of OH-  across  the  mem-  
brane  changes  (at least  approx imate ly )  in p ropor t ion  to 
the cur rent  dens i ty  (3), g iv ing [p. 45, of Ref. (3)] 
Nh:oH- (is) = ~ is  . Nh.oH-. (il) [141 
where  i~ = cur rent  dens i ty  for Eq. [1] (3000 A/m s) and  i2 = 
new mean cur rent  dens i ty  (A/mS). Mensch ig  also as- 
sumed that  his  membrane had  constant  e lectr ical  resist-  
ance  over  the  range  of cur rent  dens i ty  used  in his  and  
J6 r i ssen 's  work,  so that  the membrane potent ia l  drop is 
also scaled as [p. 45 of Ref. (3)] 
AUMucD (is) = ~ is  . AUMucD (i0 [15] 
?q 
Equ i l ib r ium potent ia l s  were  ca lcu la ted  us ing  act iv i ty  
coeff ic ients based  on local concent ra t ions  wi th  only the 
C1- d i scharge  react ion  cons idered  at the  anode.  The  an- 
ode overpotent ia l  was ca lcu la ted  f rom the  regress ion  
equat ion  (8) [p. 48 of Ref. (3)] 
i, + 1000 
n ,  - 0.11 [16] 
45,200 
(for 80~ 25 w/o NaC1) and  the cathode  (hydrogen)  over- 
potent ia l  was ca lcu lated f rom the regress ion  equat ion  
- ln  (i~) + 5.34 
~c = + 0.11 [17] 
8.16 
where  i~ is the  cur rent  dens i ty  based  on the  actua l  elec- 
t rode  sur face  area (A/m2), obta ined  us ing  the  data  pre- 
sented  by Vetter  (9). 
Mensch ig  obta ined  the  d i f fus ion  layer  th icknesses  
f rom Vogt ' s  mass  t ranspor t  mode l  (10) for smooth  gas- 
evo lv ing  e lec t rodes .  Vogt  g ives the  fo l low ing  equat ion  
for the  d i f fus ion layer [p. 76 of Ref. (3)] 
Sh = 0.925" Re ~ Sc ~ [18] 
where  the  Sherwood (Sh), Reyno lds  (Re), and  Schmidt  
(Sc) numbers  are def ined by 
Sh-  13dB I)'GdB v D,) 
Do Re-  Av Sc -  Do t3 = 
where  ~ = the  mass  t rans fer  coef f ic ient  (m/s), dB= gas 
bubb le  re lease  d iameter  (m), Do = d i f fus ion  coef f i c ient  
(m2/s), 1)'~ = gas evo lu t ion  rate  (m3/s), A = e lec t rode  sur-  
face area (mS), u = k inemat ic  v iscos i ty  (mS/s), and  ~ = dif- 
fus ion  layer  th ickness ,  the  phys ica l  p roper t ies  be ing  
those  assoc ia ted  w i th  the  par t i cu la r  d i f fus ion  layer  
th ickness  be ing  es t imated .  Mensch ig  assumed the  be- 
hav ior  of his porous  e lect rode layers to be s imi lar  to the 
flat p la te  of Vogt,  so the  e f fect ive  d i f fus ion  layer  th ick -  
nesses  for the  cata lyst  layer (53 and  84 of Fig. 7) are those  
g iven  by Eq. [18] us ing  the appropr ia te  condi t ions .  Diffu- 
s ion layer  th icknesses  represent ing  the  meshes  of the  
APEL  cel l  (and the  cor respond ing  mesh  e lec t rodes  of 
the  ZG cell) were  determined  by us ing  a cor rect ion  fac- 
tor  (fv) as proposed  by Vogt  (10) to account  for the  elec- 
t rode  geometry ,  g iv ing the re lat ion [p. 77 of Ref. (3)] 
Sh = fv" 0.925 9 Re  I)''~ 9 Se  (~'4~7 [19]  
where  fv had  a va lue  of 0.3785 [wh ich  is 1/FVOGT,  the  
fac tor  wh ich  is g iven  by  the  program ME-MODV (3, 6)]. 
Mensch ig  assumed that  the  cor rect ion  factor  was the  
same for both  the anode and  cathode  s ides (for the  same 
mesh type). 
An  a l te rnate  method for determin ing  the  d i f fus ion  
layer  th icknesses  represent ing  the e lect rodes  can be ob- 
ta ined  us ing  the  bu lk  and  sur face  concent ra t ions  in the  
k inet i c  express ions  g iven by Vet ter  (9). Under  100% chlo- 
r ine and  caust ic  cur rent  eff ic iencies (6), the anode diffu- 
s ion layer  th ickness ,  gA, fo rmed dur ing  the e lec t rochemi -  
cal react ion  due  to t ranspor t  to the  anode is 
approx imated  by [p. 48 of Ref. (3)] 
(CAo:C 1_ -- CAM:CI ) 
~A = 2zFDcl- [20] 
i 
wh i le  the d i f fus ion layer th ickness  for the  cathode,  go, is 
approx imated  by 
CCM,OH_ -- CCo:OH- ) 
8c = zFDoH [21] 
i 
where  5A = anode d i f fus ion layer th ickness  (m), ~c = cath-  
ode d i f fus ion  layer  th ickness  (m), z = number  of elec- 
t rons  used  in the  e lec t rode  react ion ,  F = Faraday  con- 
s tant  (96,487 A-s/tool), Dc~- = d i f fus ion coeff ic ient  of C1- 
ions  (m2/s), Doll- = d i f fus ion  coef f ic ient  of OH-  ions  
(m2/s), CAu:c~ = concent ra t ion  of C1- at anode (mol/m3), 
CAo:C~- = concent ra t ion  of C1- in bu lk  ano ly te  (tool/m3), 
Ccu:oH- = concent ra t ion  of OH at cathode  (mol/mS), 
coo:oH = concent ra t ion  of OH in bu lk  catho ly te  (mol/m3), 
and  i = cur rent  dens i ty  (A/mS). Mensch ig  ac tua l ly  uses  
Eq. [20] and  [21] to so lve for the  concent ra t ions  at the  
e lec t rode/membrane in ter face  us ing  the  d i f fus ion  layer  
th icknesses  obta ined  f rom Eq. [18] and [19]. 
Procedure used by program ME-MODV.--In order  to de- 
te rmine  the  character i z ing  parameters ,  such  as the  spe- 
cies concent ra t ions  on the  membrane sur faces ,  equ iva-  
lent  d i f fus ion layer th icknesses  for the  mesh  e lect rodes/  
cur rent  co l lec tors  and  porous  e lec t rode  layers ,  and  the  
e lec t rode  overpotent ia l s  and  equ i l ib r ium potent ia l s  
us ing  the  sur face  concent ra t ions ,  the  program ME- 
MODV requ i res  app l ied  mean cur rent  dens i ty ,  caust i c  
cur rent  ef f ic iency,  OH f lux through membrane f rom 
catho ly te  to ano ly te  (der ived  f rom the  above  factors) ,  
ch lo r ine  cur rent  ef f ic iency,  bu lk  out le t  concent ra t ions ,  
membrane surface area, actual  sur face area of e lect rode 
mesh per  un i t  sur face  area of membrane,  a t tached po- 
rous  e lect rode layer sur face area per  un i t  sur face area of 
membrane,  and  tota l  exper imenta l  cell potent ia l ,  in addi-  
t ion to the  two empi r ica l  re lat ions  of J6 r i ssen  (Eq. [1] and  
[7] in th is  paper) .  The  program first so lves  for the  dif fu-  
s ion layer  th icknesses  accord ing  to Eq. [18], then  deter -  
mines  the  character i z ing  parameters  for the  APEL  con- 
f igurat ion ,  fo l lowed by the  determinat ion  of those  
parameters  for the  ZG conf igurat ion.  
The  ca lcu lat ions  for the  APEL  conf igurat ion  are begun 
w i th  the determinat ion  of the  membrane surface concen-  
t ra t ion  of NaOH on the cathode  side, CCM:NaOH, by so lv ing 
for CC:NaOH in Eq. [1] in con junct ion  w i th  Eq. [14]. Note  
that  CC:NaOH is the  NaOH concent ra t ion  on the membrane 
sur face  s ince Eq. [1] was based  on the  assumpt ion  that  
no d i f fus ion  layer  ex is ted  in the  exper imenta l  config- 
u ra t ion  used  to obta in  the  empi r i ca l  re lat ion.  Next  the  
porous  e lect rode qu i l ib r ium and overpotent ia l s  are cal- 
cu la ted  based  on us ing  CCM:NaOH and an in i t ia l  guess  for 
the  concent ra t ion  of  NaC1 on  the  ano ly te  s ide of the  
membrane surface, CAM:NaCl, for determin ing  phys ica l  and  
chemica l  propert ies .  These  values are used w i th  the po- 
tent ia l  ba lance  [p. 49 of Ref. (3)] 
UApEL = (CA -- eC) + (~qn -- ~/C) + hUMucD [22] 
where  UAPEL is the  tota l  cell  potent ia l  for the  APEL  cel l  
conf igurat ion.  By rear rang ing  Eq. [22] and  us ing  the ex- 
per imenta l  cell potent ia l ,  the  "exper imenta l "  membrane 
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potent ia l  drop for the APEL  cell (AUMucD) is determined.  
Us ing  th is  va lue wi th  Eq. [7], mod i f ied  by Eq. [15], the  
concent ra t ion  of NaC1 on the membrane  surface, CAM:N~Cl, 
is obta ined.  An iterat ive procedure  is now used to recal- 
culate the equ i l ib r ium and overpotent ia ls  and CAM:Nat1 un- 
til a converged answer  is obta ined.  
Next,  the program solves for the character iz ing param- 
eters  for the  ZG conf igurat ion ,  so lv ing for CC~:NaOH by 
again us ing Eq. [1] in con junct ion  with Eq. [14]. Then an 
average  of the  bu lk  and membrane  sur face concent ra -  
t ion of NaOH is used  to determine  the phys ica l  proper -  
t ies of the e lectro lyte sur round ing  the zero gap electrode.  
These propert ies  are used to calculate the d i f fus ion layer 
th ickness  represent ing  the zero gap cathode by Eq. [21], 
us ing a value for i obta ined by correct ing the mean cur- 
rent  dens i ty  by the caust ic  cur rent  eff iciency. F rom this 
va lue (~zGc) and the  d i f fus ion  layer  th ickness  for a flat 
plate cathode  (Srpc) obta ined f rom Eq. [18], the correct ion 
factor, fv, is obta ined from 
~FP(" 
fv - [23] 
~ZGC 
and used  in Eq. [19] to calculate the di f fus ion layer thick- 
ness  re la ted  to the  zero gap anode  (gZGA)- (Note the  pro- 
gram uses the factor cal led FVOGT, wh ich  is the inverse 
offv.) Next,  CAM:NaCl is calculated i terat ively us ing Eq. [20], 
s tart ing wi th  an initial guess wh ich  is averaged with the 
bu lk  concent ra t ion  of NaC1 (CA,,:N~C~) to determine  the 
phys ica l  p roper t ies  at the zero gap anode.  F inal ly,  the 
zero gap e lec t rode  qu i l ib r ium and overpotent ia l s  are 
ca lcu la ted  us ing  the  concent ra t ions  obta ined  above.  
Also, Mensch ig  calculates the membrane  potent ia l  drop 
by two methods ,  one us ing  the  cor rec t ion  factor  ob- 
ta ined  f rom Eq. [11] w i th  Eq. [7], [10], and [15] and the 
other ,  "exper imenta l "  va lue obta ined  by so lv ing for 
AUMzj us ing  the exper imenta l  ZG cell potent ia l  w i th  the 
potent ia l  ba lance [p. 67 of Ref. (3)] 
Uz~j = (CA -- ec) + (~IA -- llc) + AUMzj [24] 
These  two va lues  are used  to test  the  re l iab i l i ty  o f  
Mensch ig ' s  method  of mode l ing  the potent ia l  d is t r ibu-  
t ion of a zero gap mesh.  
Results of ME-MODV program.--Table I I I  shows  Men- 
sch ig ' s  input  data and resu l ts  for his average conf igura-  
tion. The concent rat ions  on the membrane  surfaces and 
d i f fus ion  layer th icknesses  are shown in Fig. 10 and 11 
for the ZG and APEL  conf igurat ions,  respect ively.  Note 
that  the  concent ra t ion  of NaOH on the  membrane  sur- 
face is near ly  tw ice  as h igh for the  APEL  cell as com- 
pared to the ZG cell (12.32 vs. 6.46 tool/l). Mensch ig  also 
found that  his mode l  of the zero gap mesh  potent ia l  dis- 
t r ibut ion  was reasonable  by compar ing  the values for the 
cor rect ion  factor fMzj obta ined exper imenta l ly  wi th  those 
f rom Eq. [11]. For  Mesh I (225 openings/em2), the exper i -  
menta l ly  der ived value was 0.73 and the mode l  value was 
0.67, and for Mesh II (100 openings/cm2), the values were  
0.63 and 0.60, respect ively.  Final ly, Mensch ig  conc luded 
that  there  was a s ignif icant d i f ference in the behavior  of 
ZG and APEL  ceils, as descr ibed  by his character i z ing  
parameters .  
Present application.--The pr imary  value of  Men- 
sch ig ' s  work  is in the  determinat ion  of var ious  condi -  
t ions wh ich  exist  in a ZG or APEL  cell. It has the l imited 
abi l i ty  of  p red ic t ing  the  total  cel l  potent ia l  for a ZG 
conf igurat ion ,  though Mensch ig  never  in tended it that  
way (6). Mensch ig  completed  his work  wi th  a calculat ion 
of  the tota l  cel l  potent ia l  for a PAL /ZGC ceil config- 
urat ion obta ined by tak ing the cor respond ing  concentra-  
t ions on the membrane  surfaces f rom Fig. 10 and 11 (i.e., 
CAM:NaCl f rom the APEL  cell of Fig. 11 and CCM:NaON f rom the 
ZG cell of  Fig. 10) and us ing  these  va lues  in Eq. [7] as 
modi f ied  by Eq. [15] to obtain AUMucD, the membrane  po- 
tent ia l  drop assuming  un i fo rm current  d istr ibut ion,  or 
for an APEL  cell, at these  concent ra t ions .  Us ing  th is  
Table III. Example of the characterizing parameters for an APEL and a ZG cell 
This example is based on the average operating conditions for the ZG and APEL cells as used by Menschig (3) which are embedded in
the program itself. 
NaCI: 17.5 w/o (3.281 mold) 
NaOH: 20.0 w/o (5.92 mold) 
Total current: 18.38A 
Mean current density: 6500 A/m 2 
Chlorine current efficiency: 0.837 
Relative area of Mesh I: 1.131 
Relative area of Mesh II: 1.5708 
Back migrating OH- for APEL cell: 0.252 mol/h 
Experimental total APEL cell potential: 3.94V 
True surface area of porous electrode per unit membrane area: 10O cm2/cm 2 
Back migrating OH- for ZG cell: 0.1769 mol/h 
True surface area of Mesh I per unit membrane area: 1.131 em2/cm 2 
True surface area of Mesh II per unit membrane area: 1.5708 cm2/cm '-'
Experimental total ZG cell potential, Mesh I: 4.22V 
Experimental total ZG cell potential, Mesh II: 4.41V 
The results are as follows: 
Results for APEL (SPE) cell configuration: 
A UMuC D: CAM:NaCI: CCM:NaOH : 
1.602475V 2.142384 molA 12.31547 mol/l 
EA: lE(': ~IA: 
1.354362V -0.9831628V 0V 
Results for ZG cell configuration: 
fMZl: fMZlI: 
0.7302945 0.6265448 
A UMuCD: A UMZI : A UMZII : 
1.172488V 1.6055V 1.871355V 
lEA: ~C: 
1.346338V -0.9325033V 
~]A:I: ~QC:I: qQA:II 
0.0392727V -0.2963866V 3.67298E - 03V 
Diffusion layer thicknesses 
8A from Eq. [18]: Be from Eq. [18]: 
0.00224 cm 0.00123 cm 
0.00591 cm 0.00325 cm 
FVOGT: [unitless] 
2.640506 
83: gA: 
0.01169 cm 0.03762 cm 
"qC: 
ov 
CAM:NaCI: 
2.880343 tool/1 
1](,:11: 
0.2561314V 
CCM. NaOH ~ 
6.458219 mol/1 
Downloaded 13 Jun 2011 to 129.252.106.227. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
572C J. Electrochem. Soc.: REVIEWS AND NEWS September 1987 
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9 
Kothode 
C0NoOH 
62 
I 
~ocL 
Anode~Kothode 
Cata I yst 
CONaC1 
CMNaCI  
CONaOH 
CMNaOH 
61 
52 
= 3 .28  mol /1  
= 2 .88  too l /1  
= 5 .92  too l /1  
= 6 .46  mol /1  
= 0 .0591.10  -3  m 
= 0 .0325.10  -3  m 
Fig. 10. Concentration relationships and diffusion layer thicknesses 
for the ZG cell of Menschig [from Ref. (3)]. 
c0NaC~ = 3 .28  mol /1  
CMNaC 1 = 2 .14  mol/1 
C0NaOn = 5.92 mol /1  
CMNaO H =12.32  too l /1  
61 = 0 .0591-10  -3  m 
62 = 0 .0325.10  -3  m 
63 = 0 .1169.10  -3  m 
64 - 0 .3762-10  -3  m 
Fig. 11. Concentration relationships and diffusion layer thicknesses 
for the APEL cell of Menschig [from Ref. (3)]. 
with  the  zero gap cor rect ion  factor ,  fMZJ, he  obta ined  
AUMz, the  potent ia l  d rop  for a ZG membrane,  by  us ing  
Eq. [10]. Mensch ig  then  averaged these  two membrane 
potent ia l  d rops  and  ca l led the  resu l t  the  membrane po- 
tent ia l  drop for the  combined  cell. Us ing  th is  va lue  w i th  
the  equ i l ib r ium potent ia l s  and  overpotent ia l s ,  aga in  
f rom the  cor respond ing  APEL  and  ZG cel l  conf igura-  
t ion, a potent ia l  ba lance  pred ic ted  a tota l  cell potent ia l  of 
3.66V for Mesh  I (225 open ings /cm 2)at 6500 A/cm 2. 
Application to Combined Cell Configurations 
Mensch ig ' s  work  has  l im i ted  app l i ca t ion  to combined  
zero gap/at tached porous  e lect rode layer conf igurat ions .  
His method can be used  to pred ic t  the  tota l  cell  potent ia l  
of a ZG cell conf igurat ion,  g iven the necessary  empi r i ca l  
cor re la t ions .  Also, the  cel l  potent ia l  of combined  cel ls 
can be pred ic ted  by first hav ing  exper imenta l  data  on the  
cor respond ing  ZG and APEL  cells, based  on Mensch ig ' s  
assumpt ion  that  each  ha l f  of a combined  cel l  wi l l  per-  
fo rm l ike its cor respond ing  ha l f  of a ZG or APEL  ce l l  
His  methods  can  be  used  as descr ibed  prev ious ly  to 
character i ze  the  ZG, APEL ,  and  combined  cel ls (ZGA/  
PCL  and  PAL /ZGC)  in te rms of cur rent  dens i ty  d is t r ibu-  
t ions  (under  his  l im i t ing  assumpt ions) ,  spec ies  concen-  
t ra t ions  at the  sur faces of the  membrane,  and  over- 
potent ia l s  and  e lect rode qu i l ib r ium potent ia l s  based  on 
local  spec ies  concent ra t ions  near  the  membrane 
surfaces.  
Mensch ig ' s  method requ i res  exper imenta l  data for the  
par t i cu la r  membrane in a gap cell  at a set cur rent  dens i ty  
and  temperature  for var ious  combinat ions  of cel l  out le t  
concent ra t ions  of  NaOH and NaC1. Empi r i ca l  re la t ions  
descr ib ing  the  f lux of OH across  the  membrane f rom 
catho ly te  to ano ly te  (i.e., the  caust i c  cur rent  ef f ic iency)  
and  the  membrane potent ia l  drop must  be der ived f rom 
th is  data,  p roduc ing  equat ions  cor respond ing  to Eq. [1] 
and  [7]. S ince  these  re lat ions  are used to obta in  the  con- 
cent ra t ions  on the  membrane sur faces ,  they  must  be 
funct ions  of these  surface concent ra t ions .  As noted  pre- 
v iously,  Mensch ig  used  JS r i ssen 's  equat ions  wh ich  were 
der ived  under  the  assumpt ion  that  each  hal f -ce l l  of  
J6 r i ssen 's  gap cell was wel l  mixed  and  that  there  was no 
s ign i f i cant  d i f fus ion  layer  on the  membrane sur face.  
There fore ,  J6 r i ssen  cou ld  const ruct  h is  cor re la t ions  
us ing  his  bu lk  concent ra t ions ,  assuming  that  these  were 
approx imate ly  the  same as those  on the  sur face  of the  
membrane.  S ince  concent ra t ions  on the  membrane sur- 
faces cannot  be measured  direct ly,  the  exper imenta l  gap 
cell  wh ich  is used to obta in  the necessary  data to deve lop  
the corre lat ions  must  be des igned and operated  so as to 
min imize  any  d i f fus ion  layers  on the  membrane 
surfaces.  
These  empi r i ca l  equat ions  combined  w i th  the  addi-  
t iona l  in fo rmat ion  l isted in Table  IV al low the  pred ic t ion  
of  the  tota l  cel l  cur rent  for a ZG cel l  at a spec i f ied 
catho ly te  caust i c  and  ano ly te  sa l t  out le t  concent ra t ion  
(for the  same cur rent  density) .  Next,  by knowing  the to- 
ta l  cel l  potent ia l  for the  cor respond ing  APEL  config- 
u ra t ion ,  the  sur face  concent ra t ions  needed to es t imate  
the  membrane potent ia l  of a combined  cel l  can  be ob- 
ta ined .  The  sur face  concent ra t ions  f rom the  ZG and 
APEL  cel ls can  then  be used  w i th  the  empi r i ca l ly  de- 
r ived equ iva lent  o Eq. [7] to obta in  the equ iva lent  mem-  
brane  potent ia l  for an APEL  cell at these  surface concen-  
t ra t ions .  Th is  va lue,  AUMucD, is then  cor rected  us ing  fMzj 
der ived  f rom the program ME-NETZP and  Eq. [11] to ob- 
ta in  AUMz. These  two membrane potent ia l s  are averaged 
and  combined  w i th  the  e lec t rode  overpotent ia l s  and  
equ i l ib r ium potent ia l s  to pred ic t  the  tota l  cel l  potent ia l  
of the  combined  cell, jus t  as descr ibed  prev ious ly .  
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Table IV. Summary of information required for cell characterization 
CHLOR-ALKAL ICELLS  
Membrane thickness 
Membrane conductivity data at the outlet stream conditions CAM:C1- 
Membrane surface area CAM:NaCI 
Actual surface area of electrode mesh per unit surface area of mem- 
brane Ca,,:C,- 
Porous electrode surface area per unit surface area of membrane 
Catalyst conductivity data for porous electrode Cao:NaC~ 
Mesh wire conductivity data 
Mesh wire diameter CC:NaO H 
Open width between wires in mesh 
Relative position of wires on opposite sides of membrane, ither 
center-to-center (opposite) or offset CCM:N~Oa 
Number of parallel wires across the entire electrode face 
Applied current density CCM:OH- 
Caustic current efficiency Cco;NaO H 
OH- flux through membrane from catholyte to anolyte (derived 
from the above factors) CC,,:OH- 
Chlorine current efficiency 
Bulk outlet concentrations d~ 
Total experimental cell potential 
Do 
Empirical relations Dc~ 
Flux of OH- across the membrane from catholyte to anolyte as a Doll- 
function of CN~OH (the equivalent to Eq. [1]) 
Membrane  potential drop as a function of CN~,H and c,~,, (the fMZi 
equivalent to Eq. [7]) 
F ina l ly ,  the  concent ra t ions  on the  membrane sur faces ,  fv 
e lec t rode  overpotent ia ls ,  and  equ i l ib r ium potent ia ls  can 
be  summar ized  for the  combined  cells. 
F 
Conclusions FVOGT 
1. The  empi r i ca l  method presented  by J6 r i ssen  and  h 
Mensch ig  has  a l imi ted app l i ca t ion  to descr ib ing  the be- 
hav io r  of combined  zero gap/at tached e lec t rode  mem-  
brane  cells, i 
(i) Ex tens ive  exper imenta l  data for each type  of mere-  i, 
b rane  in a gap cell, at a set cur rent  dens i ty  and  tempera-  i2 
ture,  is requ i red  in order  to der ive the empi r ica l  re lat ions  i~ 
descr ib ing  the  OH-  f lux f rom catho ly te  to ano ly te  (Eq. 
[1]) and  the membrane potent ia l  drop (Eq. [7]) for a mem-  ~m 
brane  chlor-a lkal i  cell by regress ion,  in (K0) 
(ii) Given  the above re lat ions  and  var ious  caust ic  cur- 
rent  efficiencies (CCE) ,  the total cell potent ia l  of a ZG L~ 
cell can  be  pred ic ted  as a funct ion  of cur rent  dens i ty  
(CD)  and CCE.  N~,:.H- 
(iii) The concent ra t ions  on the membrane sur faces for NM,,2o 
APEL  and  ZG cell conf igurat ions  can be es t imated  g iven 
the above  re lat ions and  cell per fo rmance  data (total cell 
potent ia l ,  CCE, C12CE, and  CD). NM~+ 
(iv) Mensch ig ' s  method can be used to pred ic t  the  tota l  Nnet u2o 
cell potent ia l  of combined  membrane cells (ZGA/PCL  or 
PAL /ZGC conf igurat ions)  g iven  exper imenta l  data  on 
both  the  cor respond ing  APEL  and  ZG cel l  eonf igura-  Re 
t ions.  Sc 
2. A more  theoret i ca l ly  based  method is requ i red  i f  Sh  
combined  zero gap/at tached e lec t rode  membrane cel l  Ua,,~:,~ 
behav ior  is to be es t imated  w i thout  extens ive  exper i -  AUM~c~ 
menta l  work.  
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L IST  OF SYMBOLS 
A e lec t rode  sur face area (m ~) 
b membrane th ickness  (m) 
cA:~, c~2 act ive  ch lo r ine  concent ra t ion  in ano ly te  
(mol/1) 
cA:~ H+ H § ion excess  in ano lyte  (mol/1) (OH- ion ex- 
cess is expressed  as a negat ive  va lue  of x2) 
CA:.~Cl local  concent ra t ion  of NaC1 in anolyte,  bu lk  
va lue  for J6 r i ssen  (mol /m :3) 
CA:T tota l  concent ra t ion  of d isso lved mater ia l  in 
ano ly te  (tool/1 NaC1 + NaC1Oa + HC1 + 
573C 
HOCI  + Cl2) (calculated f rom the sum of an- 
a lyzed  va lues  for NaC l  + NaC iOa + HCI  + 
NaOH + C12) 
concent ra t ion  of CI-  at anode  (mo] /m ~) 
concent ra t ion  of NaC l  at membrane  sur- 
face, anolyte  side (mo l /m 3) 
concent ra t ion  of Cl in bu lk  ano ly te  
(mo l /m 3) 
concent ra t ion  of NaC l  in bu lk  ano ly te  
(mo l /m 3) 
local concent ra t ion  of NaOH in catholyte,  
bu lk  va lue  for Jbr issen (mo l /m ~) 
concent ra t ion  of  NaOH at membrane  sur- 
face, catholyte side (mo l /m 3) 
concent ra t ion  of OH-  at ca thode  (mo l /m '~) 
concent ra t ion  of NaOH in bu lk  catho lyte  
(mo l /m 3) 
concent ra t ion  of OH in bu lk  catho lyte  
(mol /m 3) 
gas bubb le  re lease d iameter  (m) 
d i f fus ion coeff ic ient  (m2/s) 
d i f fus ion coeff ic ient of C1- ions (m2/s) 
d i f fus ion coeff ic ient  of OH-  ions (m2/s) 
factor  re lat ing the membrane potent ia l  of a 
ZG cell  to that  of a cel l  w i th  un i fo rm cur- 
rent  dens i ty  across  the  membrane,  see Eq. 
[10] 
cor rect ion  factor  appear ing  in Eq. [19] 
wh ich  is used  to determine  the  d i f fus ion  
layer th ickness  of a mesh  e lect rode 
Faraday  constant  (96,487 A-s/tool) 
cor rect ion  factor  appear ing  in the program 
ME-MODV, equa l  to 1/fv = 2.64, fv = 0.3785 
average hydrat ion  number  for Na + ions dur- 
ing migrat ion  f rom anode to cathode  cham-  
ber  (tool H20/mol  Na +) 
cur rent  dens i ty  (A/m 2) 
cur rent  dens i ty  for Eq. [1] (3000 A/m 2) 
new mean cur rent  dens i ty  (A/m 2) 
cur rent  dens i ty  based  on the  actua l  elec- 
t rode  sur face area (A/m ~) 
mean cur rent  dens i ty ,  based  on sur face  
area of membrane (A/m 2) 
geometr i c  factor  ca lcu la ted  by program 
ME-NETZP 
mesh w idth  (center  to center  d i s tance  be- 
tween two paral le l  wires) (m) 
OH- f lux through the membrane (mol /h-m 2) 
water  t ranspor t  th rough the  membrane 
(mo l  H20/h -m 2) (net water  t ransport  + water  
for back -migrat ing  OH-  ions) 
Na  + ion t ranspor t  th rough the membrane  
(mo l  Na+/h-m 2) 
net  water  t ranspor t  (tool H20/h -m 2) (net 
quant i ty  of water  mov ing  f rom anode  to 
cathode  chamber )  
Reyno lds  number  = V~dB/Av 
Schmidt  number  = v/D, 
Sherwood number  = Bd#Do 
tota l  cel l  potent ia l  for then  APEL  cel l  con- 
f igurat ion (V) 
potent ia l  drop across membrane wi th  a uni-  
fo rm cur rent  dens i ty  d is t r ibut ion ,  assumed 
to be va lue for APEL  conf igurat ion,  (V) 
potent ia l  drop across a ZG membrane for a 
mesh  of conf igurat ion  j (V) 
total  cell potent ia l  of a ZG cell  for a mesh  of 
conf igurat ion  j (V) 
gas evo lut ion  rate (m:Vs) 
number  of e lec t rons  used  in the  e lec t rode  
react ion  
Greek  let ters  
mass  t rans fer  coeff ic ient = Do~5 (m/s) 
5 d i f fus ion layer th ickness  (m) 
5, d i f fus ion layer th ickness  represent ing  the 
w i re  mesh  layer on  anode  side for both  ZG 
and  APEL  cells (m) 
~2 d i f fus ion layer th ickness  represent ing  the 
w i re  mesh  layer on  cathode  side for both  
ZG and  APEL  cells (m) 
5.~ d i f fus ion layer th ickness  represent ing  the 
porous  anode  layer of the APEL  cell (m) 
54 d i f fus ion layer th ickness  represent ing  the  
porous  cathode  layer of the APEL  cell (m) 
~ anode  dif fusion layer th ickness  (m) 
5~ cathode  diffusion layer th ickness  (m) 
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~FPC 
~ZGC 
~A 
~C 
"qa 
K 
1) 
diffusion layer th ickness for a flat plate 
cathode (m) 
diffusion layer thickness for the wire mesh 
cathode of the ZG cell (m) 
anode equi l ibr ium potential (V) 
cathode qui l ibr ium potential (V) 
anode overpotential (V) 
cathode overpotential (V) 
specific membrane conductivity (1/a-m) 
kinematic viscosity (m2/s) 
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